Abstract. γ-Hydroxybutyric acid (GHB), a drug of abuse, exhibits saturable renal clearance and capacitylimited metabolism. The objectives of this study were to construct a mechanistic toxicokinetic (TK) model describing saturable renal reabsorption and capacity-limited metabolism of GHB and to predict the effects of inhibition of renal reabsorption on GHB TK in the plasma and urine. GHB was administered by iv bolus (200-1,000 mg/kg) to male Sprague-Dawley rats and plasma and urine samples were collected for up to 6 h post-dose. GHB concentrations were determined by LC/MS/MS. GHB plasma concentration and urinary excretion were well-described by a TK model incorporating plasma and kidney compartments, along with two tissue and two ultrafiltrate compartments. The estimate of the Michaelis-Menten constant for renal reabsorption (K m,R ) was 0.46 mg/ml which is consistent with in vitro estimates of monocarboxylate transporter (MCT)-mediated uptake of GHB (0.48 mg/ml). Simulation studies assessing inhibition of renal reabsorption of GHB demonstrated increased time-averaged renal clearance and GHB plasma AUC, independent of the inhibition mechanism assessed. Co-administration of GHB (600 mg/kg iv) and L-lactate (330 mg/kg iv bolus plus 121 mg/kg/h iv infusion), a known inhibitor of MCTs, resulted in a significant decrease in GHB plasma AUC and an increase in time-averaged renal clearance, consistent with the model simulations. These results suggest that inhibition of renal reabsorption of GHB is a viable therapeutic strategy for the treatment of GHB overdoses. Furthermore, the mechanistic TK model provides a useful in silico tool for the evaluation of potential therapeutic strategies.
INTRODUCTION
γ-Hydroxybutyrate (GHB) is an endogenous fourcarbon chain carboxylic acid, which is produced primarily from γ-aminobutyric acid (GABA) in mammalian brain (1) . GHB can also be formed from γ-butyrolactone and 1,4-butanediol by hydrolysis or oxidation catalyzed by lactonases or alcohol and aldehyde dehydrogenases in the body (2) . GHB is a proposed neurotransmitter with its own specific receptor identified in the brain (3) . In addition, GHB interacts with the GABA B receptor via direct and/or indirect interactions (4, 5) . GHB's physiological and toxicological effects include sedation, euphoria, growth hormone stimulation, anticoagulation, inhibition of intestinal mobility, and respiratory depression (6) (7) (8) . GHB may also influence brain metabolism by reducing energy substrate consumption and exert tissueprotective effects under anoxic conditions (9) .
GHB has been used to treat alcohol and heroin dependence in Europe (10) , sleep disorders in Europe (11) , and is approved in the USA as Xyrem® for the treatment of patients with narcolepsy who experience episodes of cataplexy. However, GHB is best known for its illicit use and abuse. GHB is abused as a popular steroid alternative by body builders, as a recreational drug at nightclubs and rave parties, and as a means of drug-facilitated sexual assaults (6, 12) . In the USA, over 7,100 GHB overdose cases and 65 GHB related deaths from 1990-2000 have been reported (13) . The availability of GHB has been highly restricted since its classification as a schedule I controlled drug in 2000; however, it is easily synthesized, with instructions for home production and kits containing the necessary material available through internet Web sites. Additionally, the GHB precursors, γ-butyrolactone and 1,4-butanediol are available as health supplements and industrial solvents and are used as a GHB substitute or in combination with GHB by abusers (2, 14) . Currently, GHB overdoses are treated mainly with supportive care, such as intubation and mechanical ventila-tion for respiratory depression, with no specific therapies available for clinical use (14, 15) .
The nonlinear toxicokinetics (TK) of GHB has been demonstrated in rats (16) and humans (17, 18) . The mechanisms underlying the nonlinear TK of GHB include capacity-limited metabolism (16, 17) , capacity-limited oral absorption (17, 19) , and saturable renal reabsorption (20) . GHB is extensively reabsorbed in the proximal tubules of the kidney mediated by pH-dependent and sodium-dependent monocarboxylate transporters (MCTs and SMCTs; 20, 21) . Renal clearance of GHB increases with increasing dose due to saturation of active renal reabsorption. Following GHB overdoses, the metabolic clearance of GHB decreases due to saturation of enzymatic pathways; however, renal clearance can be further increased by inhibiting the renal reabsorption of GHB thereby increasing overall GHB elimination (20) . L-lactate is an endogenous energy source, which is transported by MCTs across biological barriers (22) . Our previous studies have demonstrated that L-lactate could significantly inhibit the uptake of GHB in membrane vesicles from rat kidney cortex in vitro (21) and that L-lactate also could reduce the renal reabsorption of GHB significantly in vivo (20) . Inhibition of active renal reabsorption represents a novel therapeutic strategy for the treatment of GHB overdose. However, a mechanistic model describing the saturable renal reabsorption of GHB and its interaction with MCT inhibitors has not been developed. Such a model would provide insight into the influence of inhibition of renal reabsorption on plasma GHB concentrations and urinary excretion profiles and allow for the evaluation of multiple therapeutic strategies prior to their in vivo assessment.
The objectives of this study were (1) to construct and validate a mechanistic model for GHB toxicokinetics describing saturable renal reabsorption and capacity-limited metabolism, and (2) to predict the consequences of inhibition of transporter-mediated renal reabsorption on GHB toxicokinetics in plasma and urine.
METHODS
Chemicals and Reagents. Sodium GHB, L-lactate, and formic acid were purchased from Sigma-Aldrich (St. Louis, Missouri). Deuterated GHB (GHB-d6) was purchased from Cerrilliant (Round Rock, Texas). Ketamine and xylazine were obtained from Henry Schein (Melville, New York). Acetic acid and High Performance Liquid Chromtography (HPLC)-grade methanol, acetonitrile, and water were purchased from Honeywell Burdick and Jackson (Morristown, New Jersey).
Animals and Surgery. Male Sprague-Dawley rats (Harlan, Indianapolis, Indiana) weighing 280-320 g were used throughout the study. The animal housing room had controlled environmental conditions with temperature and relative humidity of approximately 20±2°C and 40-70% and artificial lighting that alternated on a 12-h light/dark cycle. All animal care and experimental protocols were approved by the Institutional Animal Care and Use Committee at the University at Buffalo. The rats had cannulas implanted in the right jugular vein and the left femoral vein (interaction study only), as previously described (20) , and were kept in individual cages for 2 to 3 days after surgery prior to the start of the experiments.
Experimental Design GHB TK. GHB was dissolved in sterile water (200 mg/ml) followed by filtration with a 0.2-µm filter for sterility. Rats were randomly assigned to dose groups, and GHB (200, 400, 600 or 1,000 mg/kg) was administered by iv bolus injection into the jugular vein cannula (N=7-10 per dose group). Rats were placed in metabolic cages for the duration of the study. Blood samples (200 µl) were collected at 0, 5, 10, 20, 30, 60, 90, 120, 180, 240, 300, and 360 min and transferred to heparinized 0.6-ml centrifuge tubes. Plasma was separated by centrifugation at 1,000g for 5 min at 4°C. Urine samples were collected between 0-60, 60-120, 120-240, and 240-360 min. All samples were stored at −80°C until analysis.
GHB and L-lactate interaction study. Rats were randomly assigned to receive GHB alone (600 mg/kg iv) or GHB plus lactate (600 mg/kg iv GHB; 330 mg/kg iv bolus plus 121 mg/ kg/h iv infusion of L-lactate; N=3 and 5, respectively). GHB was administered via the jugular vein cannula and L-lactate was administered via the femoral vein 5 min after GHB was given. Rats were housed in metabolic cages for the duration of the study. Blood samples (200 μl) were taken from the jugular vein cannula at 0, 3 (lactate group only), 5 (GHB alone), 10, 20, 30, 60, 90, 120, 180, 210, 240, and 300 min and were transferred to heparinized 0.6-ml tubes. Urine samples were collected as detailed in the toxicokinetics section. All samples were stored at −80°C until analysis. The time of onset and offset of sedative/hypnotic effect [loss and return to righting reflex (LRR and RRR)] was determined in all animals. The duration of sedative/hypnotic effect (sleep time) was determined as the difference between RRR and LRR.
Plasma and Urine Sample Preparation and LC/MS/MS Analysis. GHB was extracted from plasma using anion exchange solid phase extraction as previously described (23) . Briefly, 5 µl of GHB-d6 (1 mg/ml) and 5 µl GHB stock solution (or double-distilled water for samples) were added to 50 µl plasma. Acetonitrile (0.4 ml) was added to precipitate plasma proteins followed by centrifugation at 10,000g for 20 min. An aliquot of 0.2 ml supernatant was aspirated and added to 0.8 ml double-distilled water. Bond Elut SAX cartridges (100 mg resin, 1 ml volume, Varian, Palo Alto, California) were preconditioned, washed, and samples and standards eluted as previously described (24) . The eluent was evaporated to dryness under a stream of N 2 gas and reconstituted with 1.25 ml of 0.1% formic acid in double-distilled water and 5% acetonitrile.
Urine samples were prepared using a previously described method with minor modifications (25) . Briefly, 10 µl of GHB-d6 (200 µg/ml) and 10 µl GHB stock solution (standards) or double-distilled water (samples) were added to 50 µl urine. Double-distilled water (930 µl) was added followed by 1 ml of acetonitrile to precipitate proteins. Samples were centrifuged for 20 min at 10,000g, and the supernatant was collected for LC/MS/MS analysis.
GHB in plasma and urine was measured using a previously developed assay (24) with slight modifications. LC/MS/MS analysis was conducted on an Agilent 1100 series HPLC with an online degasser, binary pump, and autosampler (Agilent Technologies, Palo Alto, California) connected to a PE Sciex API 3000 triple-quadrupole tandem mass spectrometer with a turbo ion spray (Applied Biosystems, Foster City, California). Seven microliters of plasma or urine sample was injected onto an Xterra MS C18 column (250× 2.1 mm id, 5-µm particle size; Waters Co., Milford, Massachussets). GHB was separated using gradient elution with a flow rate of 0.2 ml/min, 100 to 90% A over 5 min, 90 to 10% A from 5 to 7.5 min, and 10% to 100% A from 7.5 to 112 min. Mobile phase A was comprised of 0.1% formic acid in HPLCgrade water with 5% acetonitrile and mobile phase B contained 0.1% formic acid in acetonitrile with 5% HPLCgrade water. Compound specific mass spectrometer parameters and linear calibration ranges are detailed in Felmlee et al. (23) .
Population TK Modeling. Nonlinear mixed effects modeling in NONMEM VI (level 1.1, NONMEM Project Group, Icon Development Solutions, Ellicott City, Maryland, USA) was used for population model development. All modeling was conducted using the first-order conditional estimation method and the ADVAN9 differential equation solver. The NONMEM objective function, standard diagnostic plots, individual fits, and visual predictive checks (VPCs) were used for model development. VPCs were generated by simulating plasma and urinary excretion profiles from 0 to 360 min for each dose for 1,000 rats based on the population TK model. The mean and 10th and 90th percentiles for each dose were determined for each time point in SAS version 4.1 (SAS Institute, Cary, North Carolina) and were plotted with the observed data to evaluate if the model well-described the data.
Structural, Parameter Variability, and Observational Models. A mechanistic TK model was developed to describe the saturable renal clearance of GHB. A schematic representation of the model is depicted in Fig. 1 , and parameter descriptions are listed in Table I . The differential equations for the model in Fig. 1 are listed below (Eqs. 1-8) with the initial conditions of each compartment set to zero. Initial Michaelis-Menten parameter estimates for metabolic clearance and renal reabsorption were obtained from previous GHB infusion studies (20) and in vitro studies (21) . Plasma concentration and urinary excretion data from all doses were modeled simultaneously. Table I for parameter descriptions
The parameter variability model that was applied was previously described for population analysis of GHB pharmacokinetics in rats (26) . Briefly, an exponential model was used to describe between-subject variability, P i =θ exp(η i ), where P i and η i are the individual parameter and the random effect describing between-subject variability for the ith rat, and θ is the population mean. The variance of η i was reported as described in Fung et al. (26) and is presented in Table I .
The residual variability for both plasma concentrations and urinary excretion was described by a proportional log error model:
where A plasma /V plasma and A urine are individual predictions with no random error and Y is the individual prediction incorporating proportional error.
Model Simulations. Simulations were conducted in NONMEM VI using the population TK model parameters to assess the impact of competitive, noncompetitive, and uncompetitive inhibition of renal reabsorption on plasma and urinary excretion profiles. GHB was administered by iv bolus (200, 400, 600, or 1,000 mg/kg) in the presence and absence of transport inhibitor. Equation 4 was modified to Eq. 11 (competitive), Eq. 12 (noncompetitive), and Eq. 13 (uncompetitive) to account for the presence of inhibitor, where R equals I/K i and the inhibitor is administered at steady-state.
Statistical and Non-Compartmental Analyses. Plasma AUCs were calculated in WinNonLin version 5.2 (Pharsight Corp., Mountain View, California). Time-averaged renal clearance was calculated based on Eq. 14. Statistical analyses were conducted in GraphPad Prism version 4.0 (GraphPad Inc., San Diego, California). Significant differences between means were determined by a Student's t test, and P<0.05 was considered statistically significant. 
RESULTS

GHB Toxicokinetics
The plasma GHB concentrations and urinary GHB excretion following iv administration of GHB were well captured with the mechanistic model incorporating saturable renal reabsorption and capacity-limited metabolic clearance. The model is a hybrid physiological model with some parameters, such as plasma volume and urine flow, fixed to physiological values (Table I) (27) (28) (29) . We found that a model incorporating two ultrafiltrate compartments was required to adequately capture the urinary excretion of GHB with active renal reabsorption from only the first ultrafiltrate compartment consistent with reabsorption from the proximal tubule. Two tissue distribution compartments (fast and slow distribution) were necessary to describe plasma GHB concentrations which is consistent with previous compartmental models used to describe GHB plasma concentrations (26) . Protein binding was not incorporated into the model as GHB has negligible plasma protein binding. Figure 2 illustrates the experimentally observed GHB plasma concentrations and urinary GHB excretion following administration of 200 (Fig 2a, b) , 400 (Fig 2c, d) , 600 (Fig 2e,  f) , or 1,000 mg/kg (Fig 2g, h ) GHB doses. The solid lines represent the population fitting for the final structural model depicted in Fig. 1 with plasma and urine data from all doses fitted simultaneously. The 10th and 90th percentiles are depicted in Fig. 2 and were generated by simulating model output. Final TK parameter estimates, between-subject (residual) variability and random variability values are listed in Table I . The final estimate for the renal reabsorption Michaelis-Menten constant (0.46 mg/ml; K m,R ) is in good agreement with experimentally determined K m (0.48 mg/ml) obtained from uptake studies in MCT1 expressing MDA-MB231 cells (21) .
Simulation of Inhibition of Renal Reabsorption
We simulated the plasma concentration and urinary excretion profiles of GHB at various doses in the presence of a hypothesized transport inhibitor which inhibits the active renal reabsorption of GHB competitively ( Fig. 3 and Table II) , noncompetitively, or uncompetitively (data not shown). GHB was administered by iv bolus, and interactions were examined using a constant inhibitor concentration in the ultrafiltrate. We assumed that the hypothetical inhibitor would alter active renal reabsorption and not influence tissue distribution or metabolism of GHB. The plasma concentration of GHB decreased markedly at all the doses tested in the presence of a competitive inhibitor, at R values equal to 1, 10, or 100 (Fig. 3) . The total amount of GHB excreted in the urine and the renal clearance of GHB increased greatly in the presence of inhibitor (Table II) , and this effect was more evident at mid-range doses of GHB (400 and 600 mg/kg) than at high doses of GHB (1,000 mg/kg). The AUC decreased with increasing R, while the dose-averaged renal clearance increased, independent of the inhibition mechanism employed. This decrease in GHB plasma concentration and AUC correlates with the pharmacological effects of GHB, as demonstrated previously (23, 25, 30) .
GHB Toxicokinetics in the Presence of l-lactate
To confirm the results of the simulation study, a competitive inhibitor of MCT-mediated GHB uptake, L-lactate, was co-administered with GHB (600 mg/kg iv bolus), and GHB plasma concentrations and urinary excretion were measured. L-lactate was administered 5 min post-GHB by iv infusion (121 mg/kg/h) with an iv bolus loading dose (330 mg/kg) to achieve steady-state. The TK of GHB was significantly altered by the co-administration of L-lactate. A significant decrease in plasma AUC (twofold) and increase in renal clearance (twofold) was observed (Table III) . The results obtained with L-lactate are similar to the results obtained when R equals 10 (Table II) ; however, the plasma AUC value is lower than expected with changes in renal clearance alone suggesting alterations in tissue distribution. These TK alterations resulted in a significant decrease in the sedative/hypnotic effect of GHB as measured by sleep time (Table III) .
DISCUSSION
Illicit use of GHB is prevalent due to its sedative/ hypnotic and euphoric effects, and there is currently no available therapeutic strategy for the treatment of GHB overdose. GHB exhibits complex TK with capacity-limited metabolism (16, 17) and intestinal absorption (17, 19) and saturable renal reabsorption (20) . In the proximal tubules GHB transport is mediated by MCTs and SMCTs that become saturated with increasing GHB doses leading to increased urinary excretion (20) . Previous studies have demonstrated the relationship between GHB concentrations in plasma and brain and sedative/hypnotic effect (23) , suggesting that an understanding of GHB TK will aid in the development of an effective therapeutic strategy to reduce GHB concentrations in brain and plasma by increasing GHB clearance in overdose situations. The present study represents the first mechanistic TK model for GHB that incorporates saturable renal reabsorption and capacity-limited metabolic clearance through the simultaneous fitting of plasma concentration and urinary excretion data. The final mechanistic model was used to evaluate the inhibition of active renal reabsorption by a hypothetical inhibitor via multiple mechanisms as a novel therapeutic strategy for the treatment of GHB overdose. We demonstrated in simulation studies that timeaveraged renal clearance increases and plasma AUC decreases when active renal reabsorption is inhibited, independent of the mechanism of inhibition. In rats, co-administration of GHB and L-lactate, a competitive MCT inhibitor, resulted in decreased GHB plasma AUC and increased time-averaged renal clearance consistent with the simulation results.
Previous models describing renal reabsorption have focused on passive reabsorption and solvent drag (31) (32) (33) with only three models, to the best of our knowledge, considering active renal reabsorption (34) (35) (36) . A model incorporating reabsorption via passive diffusion is not appropriate for GHB as it is fully ionized in urine (pKa∼4) and therefore cannot diffuse passively through the lipoidal membrane of the proximal renal tubule. GHB may be reabsorbed via solvent drag through aqueous channels in its ionized form; however, this was not included in the present Fig. 2 . VPC plots following iv administration of GHB for the final population model detailed in Fig. 1 and Table I . Solid squares represent individual data points (N=7-10 rats per dose). The plotted lines are based on 1,000 simulated plasma concentration-time (panels a, c, e, and g) and urinary excretion (b, d, f, and h) profiles for each dose. The mean (solid line) and 10th (dotted line) and 90th (dashed line) percentiles were calculated from the predicted concentrations. GHB doses: a, b 200 mg/kg; c, d 400 mg/kg; e, f 600 mg/kg; g, h 1,000 mg/kg model as it is not an identifiable parameter in the present model. Jusko and Levy (1970; 34) developed a pharmacokinetic model for the active renal reabsorption of riboflavin and simultaneously fit riboflavin plasma concentrations and urinary excretion. The riboflavin model, with minor modifications to account for nonlinear metabolism, was unable to describe GHB plasma concentrations and urinary excretion likely due to the substantially higher extent of active renal Fig. 3 . Simulations of GHB-transporter inhibitor interactions in rats. GHB was administered IV in the absence (solid line) or presence of a fixed concentration of inhibitor where R (I/K i ) is equal to 1 (dashed line), 10 (dotted line), and 100 (dot/dash line). Simulations of plasma concentration-time and urinary excretion profiles were conducted based on competitive inhibition of renal reabsorption. GHB doses: a, b 200 mg/kg; c, d 400 mg/kg; e, f 600 mg/kg; g, h 1,000 mg/kg reabsorption of GHB. Based on an ascorbic acid renal reabsorption model (35) , it appears that additional renal compartments are required to describe the urinary excretion of compounds that are extensively reabsorbed in the proximal tubule. The two ultrafiltrate compartments in the model represent the proximal and distal tubules of the kidney with active reabsorption occurring in only the proximal compartment. The inclusion of a compartment representing the distal tubules accounts for the time delay between filtration at the glomerulus and appearance of drug in the urine due to urine flow. We extended the ascorbic acid model to incorporate volumes in the ultrafiltrate compartments and connected these compartments by urine flow to improve the physiological relevance of the model. We evaluated the inclusion of multiple compartments to adequately describe GHB urinary excretion. Due to the complexity of GHB TK and the need to estimate multiple nonlinear parameters, we evaluated hybrid physiological models which allowed us to fix a number of parameters to physiological values.
In the current study, a population TK modeling approach was used to develop a mechanistic hybrid physiological model to simultaneously fit GHB plasma concentration and urinary excretion. The population TK model was able to identify saturable renal reabsorption and capacity-limited metabolic clearance consistent with previous studies conducted at steady-state concentrations of GHB (20, 25, 30) . The present study is the first time both sets of nonlinear parameters (renal reabsorption and metabolism) have been estimated simultaneously. VPCs showed that the population model welldescribed the central tendencies and variability of the observed plasma concentrations over the entire dose range (Fig. 2) . Cumulative GHB urinary excretion was welldescribed (central tendency and variability) for most doses; however, a slight mis-prediction of the central tendency was observed at the 1,000 mg/kg dose. This may be due to the presence of a low affinity transporter not accounted for in the population model or the method of urine collection (metabolic cage versus bladder cannula).
Previous studies investigating GHB TK have employed one-or two-compartment models and typically did not use a population PK modeling approach. Fung et al. (26) used a population PK approach to described GHB PK in rats and found that a two-compartment model with capacity-limited metabolic clearance best described GHB plasma concentrations. We found that two tissue compartments fit the plasma GHB concentrations better than a single compartment likely due to the inclusion of sampling points in the initial rapid distribution phase. Our estimate for the metabolic MichaelisMenten constant (0.054 mg/ml; K m,m ) is within the range of estimates reported in the literature (0.0095-0.338 mg/ml; 16, 20, 26, 37) and similar to the K m,m value (0.063 mg/ml) obtained from steady-state infusion studies (20) . The K m,m value in the present study is lower than those estimated previously from iv bolus data (0.075 and 0.338 mg/ml; 16,37); however, the previous models only included a single capacity-limited elimination term which may not provide a true estimation of the metabolic Michaelis-Menten constant. Both iv bolus studies used GHB doses similar to those administered in the present study and exhibited nonlinear renal clearance resulting from saturation of renal reabsorption. The metabolic intrinsic clearance (V max,m /K m,m ) was estimated to be 0.011 L/min which is consistent with previous literature reports (0.012-0.046 L/min) (16, 26, 37) . Although our estimate is slightly lower than literature reports, this may be due to the simultaneous estimation of capacity-limited metabolism and saturable renal reabsorption parameters over a wider dose range.
Active renal reabsorption of GHB is mediated by multiple MCT isoforms in the proximal tubule of the kidney in rats and humans (20, 38) . In vitro studies conducted in rat kidney membrane vesicles (21), HK-2 (human kidney) cells Active renal reabsorption was described by Eq. 11 and parameters were fixed to those listed in Table I AUC is the area under the plasma concentration versus time curve; CL R is renal clearance; R is the [I]/K i (38, 39) , and rat MCT1-transfected MDA-MB231 cells (21, 40) have demonstrated the involvement of MCT1, MCT2, and MCT4 in the renal reabsorption of GHB. In addition, GHB reabsorption is mediated by SMCTs in the renal proximal tubule (41) . Based on the population TK model, the affinity of GHB for renal reabsorption (K m,R ) was estimated at 0.46 mg/ml which is close to the range of in vitro affinities determined for MCT isoforms (0.48-1.9 mg/ml; 21,42). In vitro studies assessing SMCT-mediated GHB transport have not been conducted in renal cells lines; however, results in transfected oocytes (41) and rat FRTL cells (43) show that SMCT1 has a greater affinity for GHB (0.17 and 0.07 mg/ml, respectively) than MCT isoforms. It may not be possible to distinguish between these two separate transport processes in vivo as the affinities are within fivefold of one another. To differentiate between MCT isoforms and SMCTs would require specific and selective inhibitors for individual transporters which are currently unavailable. Inhibition of the MCT-mediated renal reabsorption represents a novel therapeutic strategy for the treatment of GHB overdoses. Previous studies have demonstrated the relationship between GHB exposure and plasma concentrations and the sedative/hypnotic effect of GHB (23, 30) indicating that therapeutic strategies designed to reduce plasma GHB concentrations by increasing clearance would lead to reduced sedative/hypnotic effect. Simulations carried out using the developed population TK model demonstrated that inhibition of active renal reabsorption by multiple inhibition mechanisms markedly altered GHB TK with increased time-averaged renal clearance and decreased plasma AUC. We further demonstrated that the co-administration of GHB and L-lactate resulted in similar parameter changes to those obtained in the simulation studies for competitive inhibition and is consistent with previous studies conducted assessing the impact of L-lactate on GHB TK (20, 25) . The simulations conducted using the population TK model assume that co-administration of a hypothetical MCT inhibitor does not alter the distribution of GHB which may influence the predicted alterations in plasma GHB concentrations and urinary excretion. Further studies should be conducted to assess the impact of MCT inhibitors on the tissue distribution of GHB specifically focusing on alterations of GHB brain distribution. Additionally, studies investigating the impact and timing of L-lactate administration following oral dosing of GHB should be conducted to more accurately mimic the clinical situation.
The use of GABA B receptor antagonists has been proposed as a therapeutic strategy for treating GHB overdose (44) . Administration of GABA B receptor antagonists SCH 50911 and CGP 46381 prior to GHB reduced the sedative/ hypnotic effect of GHB (45) ; however, studies did not evaluate whether the antagonists were effective when administered after GHB, thereby replicating the therapeutic situation. The use of L-lactate to inhibit MCT-mediated GHB reabsorption would likely be easier to translate to the clinic as L-lactate preparations are already approved for use in humans. In addition, L-lactate and a GABA B receptor antagonist could be used in combination as they work through different targets, and their interaction may be synergistic. The potential for side effects may also be greater with the use of GABA B antagonists as they may alter endogenous GABA function. All potential strategies should be evaluated to find the optimal detoxification regime(s).
The mechanistic nature of the developed TK model will allow for the evaluation of multiple therapeutic strategies, including altered metabolism, and the impact on overall GHB time-course in plasma and urine. Currently, the model is limited to predictions of alterations in GHB TK, specifically plasma GHB concentrations and urinary excretion. While plasma GHB concentrations correlate with the sedative/ hypnotic effect of GHB, the brain represents the site of action. GHB concentrations in the brain extracellular fluid, as measured by microdialysis, correlate with its sedative/hypnotic effect (23, 24) , and the TK model presented here will be expanded to incorporate the time-course of GHB in the brain. Additional information regarding the tissue distribution of GHB could be utilized to develop a whole-body physiological model incorporating the mechanistic model of renal reabsorption developed in the current study which would allow for the impact of MCT inhibitors on tissue distribution to be assessed. Furthermore, the current model could be expanded to incorporate toxicodynamic endpoints such as respiratory depression which would permit the simultaneous prediction of TK/TD consequences during the evaluation of multiple therapeutic strategies.
CONCLUSIONS
The toxicokinetics of GHB were well-described by a mechanistic model incorporating active renal reabsorption and capacity-limited metabolic clearance. The affinity of GHB for renal reabsorption (0.46 mg/ml) was similar to in vitro estimates for MCT-mediated uptake in cell culture studies (0.48-1.9 mg/ml; 21, 42). Inhibition of renal reabsorption leads to decreased plasma GHB AUC and increased time-averaged renal clearance independent of inhibition mechanism. These results support the development of a therapeutic strategy aimed at inhibiting the renal reabsorption of GHB to decrease plasma GHB concentrations, thereby reducing the sedative/hypnotic effect of GHB. The mechanistic model of GHB TK will provide a useful tool for the in silico evaluation of novel therapeutic strategies.
